Adaptive management is broadly recognized as critical for managing natural resources, yet in practice it often fails to achieve intended results for two main reasons: insufficient monitoring and inadequate stakeholder buy-in. Citizen science is gaining momentum as an approach that can inform natural resource management and has some promise for solving the problems faced by adaptive management. Based on adaptive management literature, we developed a set of criteria for successfully addressing monitoring and stakeholder related failures in adaptive management and then used these criteria to evaluate 83 citizen science case studies from peerreviewed literature. The results suggest that citizen science can be a cost-effective method to collect essential monitoring information and can also produce the high levels of citizen engagement that are vital to the adaptive management learning process. The analysis also provides a set of recommendations for citizen science program design that addresses spatial and temporal scale, data quality, costs, and effective incentives to facilitate participation and integration of findings into adaptive management.
INTRODUCTION
Over the past 35 years, adaptive management (Walters and Hilborn 1976; Holling 1978) has grown in popularity and is frequently recommended as a strategy for natural resource management (Johnson 1999; Doremus 2010; Keith and others 2011; Williams 2011; Rist and others 2013) . In spite of numerous successes, adaptive management has often failed to deliver on its promise (Walters 2007; Keith and others 2011) . In many cases, these failures have resulted not from inherent flaws in the concept of adaptive management, but rather in its incorrect, incomplete, or inappropriate implementation (Gunderson 1999; Gregory and others 2006; Reever Morghan and others 2006; Walters 2007 ). Reviews of adaptive management case studies have identified a number of different reasons for failures. Two of the most often-cited reasons for lack of success are inadequate system monitoring and low stakeholder buy-in. System monitoring is a core component of adaptive management and provides the data used to evaluate the relative success of different management strategies. Monitoring, however, is often limited by available financial, technical, or human resources (Walters 2007; Allen and Gunderson 2011; Keith and others 2011) . Adaptive management also relies on stakeholder acceptance of different management strategies (Meffe and others 2010) . Lack of transparency and information asymmetry between managers and stakeholders can present a barrier to successful collaborative adaptive management programs (Plummer and Armitage 2007; Monroe and others 2013) . Because adaptive management typically involves high levels of uncertainty, consistent stakeholder engagement throughout the management process helps to prevent conflicts arising from unexpected results (Allen and Gunderson 2011) . In this paper, we explore whether the integration of citizen science into adaptive management can address these two core challenges for adaptive management: inadequate system monitoring and low stakeholder buy-in.
In recent years, citizen science, where a non-expert ''collects and/or processes data as part of a scientific enquiry'' (Silvertown 2009 ), has been a valuable addition to natural resource management (Metzger and Lendvay 2006; Pittman and Dorcas 2006; Lye and others 2012; Gura 2013; Silvertown and others 2013) . Since citizen science, also called Public Participation in Scientific Research (PPSR; Shirk and others 2012), provides monitoring data and offers a mechanism for engaging the public, it seems likely that it could contribute to adaptive management. Environmental science is already one of the areas most commonly engaging citizen scientists and there are well known examples of citizens successfully monitoring environmental variables (Silvertown 2009 ). The National Biodiversity Network in the UK, for example, engages tens of thousands of people to compile observations of species. Researchers at Arizona State University recently launched the Ventus Project, a program to gather comprehensive information about global locations of power plants and how much carbon dioxide they are emitting using citizen scientists. Several programs that have relied heavily on the contributions of citizen scientists include Galaxy Zoo, the Audobon Society's Christmas Bird Count, and NASA's Quantum Moves. Dickinson and others (2010) review several examples of citizen science used to provide data on environmental topics ranging from infectious diseases to phenology to habitat loss.
In addition to their most common involvement in data collection, stakeholders can be involved in design and implementation, analysis of data, and dissemination of results. By directly engaging stakeholders in both programmatic design and implementation, citizen science projects may engage them through the acquisition of new knowledge or environmental stewardship. Because citizen scientists are likely to share information they have helped to collect, this also enhances information flow and the development of new or existing relationships (Reed 2008) . Participation in citizen science programs has been shown to empower citizens by increasing participants' scientific literacy (Price and Lee 2013) and their likelihood of becoming an environmental advocate in the long term (Ryan and others 2001) . Although these scholars and others who have reviewed the use of citizen science identify limitations and gaps, they generally conclude that citizen science can make a positive contribution to natural resource management.
The use of citizen science specifically within the context of adaptive management of natural resources is a relatively new concept and has not been extensively evaluated. Cooper and others (2007) , for example, propose a framework for using citizen science for adaptive management of residential ecosystems, drawing on the successful experience of the Cornell Lab of Ornithology with citizen science volunteers. Our study evaluates the use of citizen science in a broad range of previous environmental analysis and uses these studies to assess whether citizen science might address core challenges in adaptive management. In this paper, we examine whether and under what conditions citizen science might contribute to adaptive management. Specifically we ask whether citizen science can reduce failure due to inadequate monitoring or insufficient stakeholder buy-in.
1 To answer this 1 Of course, there may be other reasons for the failure of citizen science to contribute to management. For example, managers might be reluctant to use citizen sciencecollected data. We focus here on the two most commonly-cited reasons for failure, while acknowledging that the use of citizen science for adaptive management may face other barriers.
question, we begin by identifying the specific characteristics of system monitoring and stakeholder engagement that previous literature has indicated are important for successful adaptive management. We posit this list of characteristics as a set of criteria that must be met if citizen science is to address the two common barriers to successful adaptive management: inadequate monitoring and low stakeholder buy-in. We then review 83 case studies of the use of citizen science within the peer-reviewed literature to assess how often and under what conditions they meet these criteria. From this meta-analysis, we also identify salient examples of successful (and unsuccessful) citizen science programs. We use these examples to synthesize quantitative and qualitative lessons that can guide the effective use of citizen science for adaptive management. We conclude by providing a set of recommendations on the design, spatial and temporal scale, costs, and incentives of citizen science to facilitate its effective integration into adaptive management.
CRITERIA FOR SUCCESSFUL ADAPTIVE MANAGEMENT
In this section, we discuss two often-cited reasons for failure of adaptive management, which we classify as failures due to inadequate system monitoring and failures of stakeholder buy-in. We draw on previous critiques of adaptive management to determine when, why, and how monitoring and stakeholder engagement present challenges to adaptive management. We use this review to develop a set of criteria that, if met, would lead to the successful use of citizen science to overcome either inadequate system monitoring or failures of stakeholder buy-in. Although previous authors have identified broad criteria for adaptive management to be successful in general (Gregory and others 2006) , here we focus on specific criteria that must be met to overcome the particular challenges of monitoring and stakeholder engagement. We then use these criteria to evaluate citizen science case studies and determine whether there is evidence that citizen science is likely to contribute to improved adaptive management. These criteria are translated into a list of questions asked of each citizen science paper in our review (discussed in more detail below and in Table 1 ).
Monitoring Criterion 1 (Mc1): Monitoring Must Take Place
The goal of adaptive management is to incorporate learning over time to reduce uncertainty and improve resource management (Lyons and others 2008; Doremus 2010) , and data from monitoring is integral to learning. Over the past four decades, projects that strictly met the criteria of adaptive management were very few (Westgate and others 2013) and ineffective system monitoring is often identified as a major contributor to failures in adaptive management systems (Allen and Gunderson 2011) . In fact, gaining sufficient information to inform the management process is a necessary first step for successful adaptive management (Doremus 2010) . As Doremus (2010) puts it, ''Only if learning is feasible does it make sense to worry about whether managers want to learn, can be forced to learn, or can use knowledge they acquire.'' Effective monitoring programs are often credited with contributing to the success of adaptive management. The US Fish and Wildlife Service together with the Canadian Wildlife Service, for instance, attribute the success of adaptive management of waterfowl to monitoring programs at the state, provincial, and private-partner levels (Nichols and others 2007) . (Walters 1997) . The data monitoring program must be designed with the explicit objective of providing feedback on management experiments, thereby informing management decisions (Ringold and others 1996) . Monitoring data must also be quantitative and well defined (Ringold and others 1996) and confounding variables kept to a minimum. If monitoring data are of poor quality, the results can be catastrophic. Studies have argued that the collapse of the Newfoundland cod fishery was due at least in part to poor monitoring of fish populations (Walters 2007) . Wildlife monitoring surveys are particularly prone to errors including incomplete detection, non-detection, and misidentification due to observer bias (see, for example, Lotz and Allen 2007; Shea and others 2011; Farmer and others 2012) . Therefore, systems must be in place to ensure that data meet minimum quality and consistency standards and decision-makers must be made aware of how any biases or shortcomings in monitoring data might affect uncertainty in decision outcomes.
Monitoring Criterion 3 (MC3): Monitoring Costs Must be Kept Below the Benefits of the Management Objective
A third critical reason monitoring fails is the sheer expense of monitoring programs (Lee 1999; Allen and Gunderson 2011) . In several cases of fisheries management, for instance, the cost to monitor fish stocks can approach or even outweigh the benefits to the users (Walters 2007) . There are many factors contributing to the high cost of monitoring, including the need for repetition over large scales (Walters 2007; Keith and others 2011) , the fact that monitoring is traditionally done by in-house staff or over-qualified researchers (Walters 2007) , or the misallocation of monitoring resources to components of a system that are ultimately unimportant or unresponsive to management options (Keith and others 2011) . These costs can either be direct costs of the data collection and analysis itself or opportunity costs of using a resource as an experiment (Allen and Gunderson 2011) . Therefore, the costs of monitoring must be accounted for when designing an adaptive management solution and the monitoring program must be designed to ensure that the costs do not outweigh the benefits of the overall adaptive management program.
Monitoring Criterion 4 (MC4): Monitoring Programs Must be Designed to Accommodate the Appropriate Spatial and Temporal Scales
The large temporal and spatial scales often required for adaptive management can pose difficulties for monitoring (Devictor and others 2010) . Most natural resource management decisions are made at relatively short quarterly or annual time scales; however, acquiring usable data from experiments run on natural systems generally requires much longer times (Doremus 2010) and iterative approaches and replication of experiments can be difficult (Allen and Gunderson 2011) . For example, in the Chesapeake Bay, water quality scientists believe it will take at least 9 years to recognize how changes in agricultural practices affect nutrient runoff (Doremus 2010) . Long timeframes raise the possibility of funding cuts, policy changes, confounding natural events such as fires or floods, and personnel changes (Westgate and others 2013) .
Aside from increased monetary costs, large spatial scales require buy-in from more stakeholders and participation from more diverse regulatory agencies, which makes uniform data collection more difficult and reduces the control the managers have over policy experiments (Gregory and others 2006; Allen and Gunderson 2011) . Additionally, small-scale projects require very different monitoring solutions from large-scale projects; adaptive management practitioners must carefully consider the scales involved when designing the monitoring program (Ringold and others 1996) and must be cognizant that large spatial scales and long timelines present special challenges (Nichols and Williams 2006) .
Stakeholder Criterion 1 (SC1): Community Stakeholders Must be Identified and Engaged in the Management Process
Adaptive management requires that those directly affected have the capacity and the motivation to accept management changes (Susskind and others 2012) . In a study of 105 cases of ecosystem-based public resource management, the presence of dedicated stakeholders was the most important factor in enabling successful program outcomes (Yaffee 2002) . Identification and inclusion of diverse stakeholder groups can enable a deeper base of knowledge from which to inform natural resource management (Reed and others 2009) . This is especially true for adaptive management, where equitable and consistent stakeholder engagement throughout the management process may help to mitigate conflicts arising from unexpected results (Allen and Gunderson 2011) .
Formal definitions of stakeholder vary widely depending on context. All participants in a given study may be considered stakeholders, given that society as a whole is impacted by environmental issues and any individual's involvement in monitoring may contribute to broad societal acceptance of management practices. However, local stakeholders who have a direct economic or health stake in the management outcomes may be particularly critical to engage in successful adaptive management (Fernandez-Gimenez and others 2008) . To examine the engagement of community stakeholders with a direct linkage to the management issue being studied, we classify participants as either community members or volunteers. Community members are defined as those with a direct stake in management outcomes. Volunteers, on the other hand, participate in citizen science even though they have no direct economic or health interest in the resource being managed. Mere involvement of stakeholders in adaptive management frameworks is not sufficient to ensure effective resource management; it also requires tools and incentives that encourage and support engagement in the process (Susskind and others 2012) . For stakeholders with very strong economic or social ties to a particular project, the motivations for active participation may be self-evident. In other cases, additional incentives may be required. Many natural resources offer a sense of community to individuals and interest groups with long-term relationships to the resource (Fleming and Love 2012) , and fostering effective collaboration between stakeholders and managers can improve the level of engagement that is vital to success of adaptive management programs (Sale and others 2005) . Simply providing a forum for stakeholders to express views allows participants to feel represented and gain information and knowledge through the process of adaptive management (Linkov and others 2006) .
Stakeholder Criterion 3 (SC3): DecisionMakers Must be Accountable to Stakeholders While Maintaining Focus on the Adaptive Management Goal
Engagement of stakeholders in adaptive management requires an expectation that the interests and concerns of stakeholders will be taken into consideration by decision-makers. Regular interactions among natural resource managers and stakeholders, whether remote or in-person, are essential for the long-term success of a project others 2000, 2001; Danielsen and others 2005) . Allowing stakeholders to influence the questions asked and the scientific outputs produced can instill a sense of ownership and responsibility for the success of the project (Reed 2008; Prell and others 2009) . When this fails to occur, indifference, distrust and tension can undermine adaptive management (Linkov and others 2006) .
However, accountability can be a double-edged sword and requires balance. By yielding unnecessary control to activist stakeholders, managers may unwittingly allow bureaucracy to overwhelm flexibility in the iterative processes of adaptive management (Habron 2003) . The more that stakeholders are allowed to steer the course of science, the more accountability can lead to erroneous learning and poor decisions (Lee 1999) . Although ensuring accountability to stakeholder interest, managers must maintain control of the scientific mission. Table 1 summarizes the criteria identified from the literature on adaptive management that we use to evaluate the potential for citizen science to address monitoring and stakeholder involvement challenges in adaptive management. Of course, even if a project meets these criteria, there are other factors outside the realms of monitoring and stakeholder engagement that may limit its effectiveness.
METHODS
To determine whether existing uses of citizen science offer evidence that it can meet the monitoring and stakeholder engagement criteria established above, we analyzed 83 peer-reviewed articles discussing the use of citizen science in specific natural resource management settings. We developed a series of questions (details provided in Appendix A in Electronic Supplementary Material) that we answered for each article. These questions were designed to determine whether the use of citizen science provides the necessary criteria for successful adaptive management as outlined in Table 1 . The coders were graduate students from across environmental science, social science, and management.
Relevant studies were identified through computer searches of the Web of Knowledge using the keywords '''monitor'' and ''citizen science'' or ''community based monitoring.'' Search results were narrowed to consider only papers published after 1990 in research areas related to environmental science, ecology, conservation, and natural resource management-yielding a preliminary list of 186 papers. Searches for ''crowd science,'' ''crowd-source science,'' and ''network science'' yielded no additional relevant articles. Review articles were eliminated from the analysis, as were articles that did not describe a specific citizen science program, and articles without enough information to assess whether they met the monitoring and stakeholder criteria, resulting in a final sample of 83 papers.
3 These papers are listed in Appendix B in Electronic Supplementary Material.
Intercoder Reliability Analysis
An intercoder reliability (ICR) analysis was performed, in which a subset of 13 out of the 83 total papers was randomly selected to test for coder agreement. Percent agreement, although popular due to its easy computation, is not an adequate measure of reliability by itself as it may overestimate agreement by failing to account for chance agreement (Lombard and others 2002) . For this reason, the Fleiss's K coefficient, a conservative index, was also computed, following the procedures described in Fleiss (1971) and Landis and Koch (1977) .
Guidelines regarding the interpretation of the values of different ICR indices exist, but these are not universally accepted. Some suggest that coefficients of at least 0.80 are acceptable and that coefficients of 0.70 are appropriate for exploratory studies (Lombard and others 2002) . Landis and Koch (1977) suggest that a Fleiss's K coefficient in the 0.61-0.80 range shows substantial agreement, and in the 0.41-0.60 range shows moderate agreement. For this study, coding reliability for a given category is considered (i) substantial, if Fleiss's K is equal to or larger than 0.61 and percent agreement is equal or greater than 85% (this amounts to no more than 2 disagreements on the 13 papers included in the ICR analysis), and (ii) moderately reliable if Fleiss's K is equal or greater than 0.41 and less than 0.61 and percent agreement is at least 69% (no more than 4 disagreements).
Most categories were reliably coded, showing either substantial (56%) or moderate (37%) agreement. Only two categories were not reliably coded; these were ''QB3: Who was involved in the 3 We caution that the search terms we used likely do not cover all of the studies that involve citizen scientists, since terminology is highly variable. Although some programs date back to the late 1800s, we choose to limit the study to more recent papers, following Bonney and others (2009a, b) who argue that ''The current concept of citizen science, however, with its integration of explicit and tested protocols for collecting data, vetting of data by professional biologists, and inclusion of specific and measurable goals for public education, has evolved primarily over the past two decades (Bonney 2007; Cohn 2008) .'' Including earlier papers that are more likely to lack a rigorous protocol would bias our results toward finding that citizen science cannot be useful for adaptive management. Although we inevitably miss some studies from our time period, there is no reason to think that the bias introduced by these omissions makes us more or less likely to conclude that citizen science can be used to resolve the two main problems of adaptive management. design of the monitoring?'' (which was replaced by ''QO3: Were the managers directly involved in the design of the study?'') and ''QSe4: How do citizen scientists and managers interact?'' (see Appendix A in Electronic Supplementary Material for a list of all categories). Three categories had high skewness in answers which has been shown to lead to low Fleiss's K values. We considered these three categories moderately reliable. These were ''QD1: Are quantitative data (categorical or numeric) collected?,'' ''QD4: Are QA/QC metrics for the citizen science-collected data discussed?,'' and ''QSd1: What benefits do the citizen scientists receive?'' A summary of the ICR results by question is presented in Appendix C in Electronic Supplementary Material.
The data collected through the review and systematic coding of citizen science case studies were used to evaluate how often and under what conditions citizen science met our criteria for monitoring and stakeholder engagement in adaptive management. We discuss the findings for each criterion below and note in brackets the code corresponding to the exact wording of the question available in Appendix A in Electronic Supplementary Material. We supported this assessment with a multivariate regression analysis to determine which criteria were correlated with the dependent variable of particular interest: whether data from citizen science were actually used in resource management [QO2] . Because collection of citizen science data for adaptive management purposes does not necessitate that managers will use the data for management decisions, we argue that examples where citizen science was reported as useful for management are likely to be good indicators of the potential for successful application in an adaptive management context. Details on the multivariate regression are provided in Appendix D in Electronic Supplementary Material and results are reported in the text throughout.
RESULTS

MC1: Citizen Science and Monitoring
Not surprisingly, it is clear that citizen science can be used for monitoring of environmental resources: all 83 of the case studies used citizen science for environmental monitoring, in some cases with great success. For example, in South Africa the Protea Atlas Project recruited and trained over 400 citizens who successfully mapped 377 species of Proteaceae during a 10-year period, ultimately yielding one of the largest plant databases in the world with over 250,000 records. Monitoring data collected by the Protea Atlas Project citizen scientists have been used for conservation planning, to determine threatened species, and to apply for International Union for Conservation of Nature (IUCN) Red Listing status (Silvertown 2009 ). Similarly, citizen scientists across the UK collected data on 1,022 bumblebee nests from 2007 to 2009 throughout the United Kingdom, which would have been very expensive and time-consuming for professional biologists. The data provided the first quantitative evidence of potential declines in UK's commonest bumblebee, Bombus pascuorum (Lye and others 2012). Community members of Bayview Hunters Point (San Francisco, California) were trained to carry out water quality measurements at Yosemite Slough. The citizen scientists successfully gathered baseline data for watershed restoration and identified potential pollution sources and health hazards (Metzger and Lendvay 2006) . In the case studies reviewed, citizen science was used to monitor a wide variety of environmental resources-from sharks (Davies and White 2012) to ladybugs (Gardiner and others 2012) to soil quality (Bone and others 2012) to biodiversity (Oldekop and others 2011).
MC2: Data Quality and Relevance to Management Actions
We found that citizen science monitoring was often relevant to management decisions: of the 83 studies analyzed, 46% reported clearly stated management objectives [QO1] and 41% reported that data were used to make management decisions [QO2]. For instance, Van Rijsoort and Zhang (2005) describe citizen science biodiversity conservation monitoring efforts in the forests of Yunnan, China, which led to the prohibition of tree cutting for fruit provision, restrictions on wild forage for livestock, and the enactment of a management plan for medicinal orchids. The multivariate analysis (Appendix D in Electronic Supplementary Material) also showed that those citizen science programs designed with the explicit goal of informing management [QO1] were significantly more likely to use data collected for management. Although managers were directly involved in the study design in 39% of the studies analyzed [QO3], participation by managers in study design did not significantly predict whether or not data collected were ultimately used for management (P > 0.10, Appendix D in Electronic Supplementary Material). To ensure that useful and actionable data are collected, therefore, it is important to incorporate management objectives in study design.
Of the citizen science monitoring efforts studied here, 90% collected quantitative data [QD1] and 81% included quality assurance and control (QA/ QC) mechanisms [QD4] associated with data collected by citizen scientists. Relative to studies that collected only quantitative data, those that collected qualitative data (either alone or in addition to quantitative data) were less likely to use the data for management (Appendix D in Electronic Supplementary Material) . Among the studies mentioning the use of QA/QC, only 11% reported having no data accuracy issues [QD5] . However, further analysis reveals that the accuracy and reliability issues identified with citizen science data often do not affect the overall utility of the data. Specifically, among the 57 studies in which citizen science data were identified as being problematic, 59% found that the problems were minor, while 39% found them critical but fixable or workable [QD6] . Only one study reported that poor quality made data unusable. We note however that publication bias may lead to an under-reporting of studies with poor quality data. Examples of citizen science producing data statistically comparable to professionals were common (Crall and others 2010; Finn and others 2010; Hoyer and others 2012) . Studies with QA/QC mechanisms were no more likely to use the data for management than those without them (Appendix D in Electronic Supplementary Material). Like Danielsen and others (2005) , we conclude that citizen science programs can provide robust monitoring data for use in adaptive management as long as systems are in place to ensure that data meet minimum quality and consistency standards and decision-makers are made aware of any biases or shortcomings.
MC3: Cost Effectiveness
The studies reviewed provide several examples where citizen science programs offered a promising solution to cost-effective monitoring through the regular use of citizens for data gathering. For example, one study found that the costs of monitoring forest habitat were as much as two orders of magnitude lower when using citizens compared to professionals (US$0.01-$0.04 vs US$1.88 ha (Brook and others 2009) . This method represents the lowest-cost method of training; however, it requires significant commitment by participants to engage in these activities. In 58% of cases we reviewed, the organizer of the citizen science monitoring program provided training [QM2] , and the length of training varied from 15 min (Fitzpatrick and others 2009 ) to 30 days (Becker and others 2005) . Because training usually requires facilities, equipment, and salary for the trainer, increasing training time generally accrues higher project costs. Costs also depend on the method of administering training. Often training takes the form of an in-person session led by a project coordinator (Humber and others 2011; Jordan and others 2011) , but lower cost training may be achieved by allocating information packets (Crewe and others 2005) or utilizing online resources for broad dissemination of training information (Ellul and others 2011; Lye and others 2012) .
In summary, although there are clear examples where citizen science improves cost effectiveness relative to traditional scientific monitoring involving professionals, relative cost effectiveness depends on characteristics of the study. Factors such as the cost associated with professional monitoring, the nature and extent of training required, the scale of program, and monitoring duration all influence the costs of citizen science relative to monitoring by experts. Further, in this study, cost effectiveness was assessed using monitoring cost. However, the use of citizens in the monitoring process may reduce the cost of achieving community engagement. Thus, full accounting of the cost effectiveness of citizen science in adaptive management would have to consider costs and benefits beyond those associated with data collection. The studies reviewed here did not include sufficient information to evaluate these non-monitoring-related benefits.
MC4: Temporal and Spatial Scales
The duration of citizen science monitoring programs we reviewed range from as short as a few hours (Leopold and others 2009 ) to over 40 years (Szabo and others 2010; Brunsdon and Comber 2012) . Although we found more case studies at the regional scale (57%), citizen science monitoring has been utilized for both global (2%) and local projects (41%) [QD3] and we found no difference in the likelihood of using the data for management across spatial scales (Appendix D in Electronic Supplementary Material). Some systems, such as restoration efforts in the Everglades, the Colorado River, the Columbia River, and the Platte River involve temporal or spatial scales that simply do not allow for iterative approaches and replication of experiments (Allen and Gunderson 2011) . However, given the wide range of spatial and temporal scales found in our review, it is clear that citizen monitoring can be applied across many temporal and spatial scales (see Appendix A in Electronic Supplementary Material).
SC1: Community Stakeholders Must be Clearly Identified and Engaged
Citizen science can address the problem of poor stakeholder engagement in adaptive management only to the degree that stakeholders are used to conduct citizen science. This requires that natural resource managers identify these stakeholders and recruit them for involvement in a citizen science program and then ultimately continue to engage them in the process. If we use the very broad definition of stakeholder (any individual or group with social, psychological, or economic interest in the resource being managed), then almost by definition all of our citizen science examples involved stakeholders.
Narrowing our definition of stakeholder to community members with a direct economic or health stake in the management outcome, we found that 72% of the 83 studies reviewed used volunteers, whereas 28% used community members [QSe5] . We refer to volunteers as individuals who self-select into a citizen science program for ostensibly subsidiary benefits, such as recreational interest.
Programs using volunteers generally succeed by engaging volunteers' interests and offering relevant training or experience. For example, the Cornell Lab of Ornithology has engaged thousands of citizen science volunteers over multiple decades, furthering scientific understanding of bird species while providing educational opportunities for the public (Bonney and others 2009b) .
When citizen scientists were also community members, successful programs often involved specific activities to build trust between researchers and the communities around a common set of goals and objectives. For example, researchers of a marine turtle fishery in Madagascar worked together with community elders to design a monitoring program and determine appropriate incentives for participants (Humber and others 2011) . In a study of invasive agricultural pests in Ecuador, researchers engaged local farmers through community forums to develop common agreement on the key objectives of the monitoring program (Dangles and others 2010) . That more than a quarter of the citizen science studies involved community members suggests that citizen science can be used to engage local community members, whose acquiescence to management changes may be crucial.
SC2: Managers Must Provide Appropriate Motivations and Incentives for Participation
Understanding what can be used to encourage participation of citizen scientists in resource monitoring is critical in integrating citizen science into adaptive management. We encountered five ways to engage citizen scientists in natural resource management: sense of place/social capital, tools and technology, action, knowledge, and economics [QSd1] . Some of these (sense of place, action, and knowledge) are intrinsic motivators, while others are incentives that can be provided by managers. Sense of place serves as a motivator when citizen scientists feel culturally or esthetically connected to the local community in which they work and/or live as a result of participation. Tools and technologies, such as integrated mobile phone applications, cameras, global positioning systems, and innovative web platforms, helped to incentivize participation. Innovative web platforms, for example, have been used to encourage citizen scientists to contribute information and interact with professional scientists (for example, eBird; Jetz and others 2012)). Action refers to the motivation implicit in helping interested or concerned citizens to feel that they can make personal contribution to more effective resource management. Potential for knowledge gain can motivate citizen scientists to participate in resource monitoring. Finally, eco-nomic incentives include different forms of compensation (for example, supply or transportation costs for resource monitoring or direct payments).
Of the 83 papers we reviewed, knowledge was the most frequently mentioned motivator (75%), whereas sense of place (49%), action (29%), tools and technology (25%), and economic incentives (22%) were less frequently encountered. Forty-five papers (54%) mentioned one or more incentive or motivator. Six projects (7%) used all five means of engagement, including community-based water quality assessment in the San Francisco Bay (Metzger and Lendvay 2006) and invasive pest management in the Ecuadorian Andes (Dangles and others 2010) . The use of sense of place, technology, and action to encourage participants was associated with a higher likelihood of using the data for management in the multivariate analysis, whereas the use of knowledge attainment to motivate participants was negatively correlated with the use of data for management. The presence of economic incentives was not significantly correlated with the use of the data for management (see Appendix D in Electronic Supplementary Material).
SC3: Managers Must be Accountable to Stakeholder Interest
To the extent that results are communicated to stakeholders, including citizen scientists in the adaptive management process provides legitimacy to management decisions by increasing transparency (Turnhout and others 2010; Reed 2008 ). 39% of our case studies reported that direct feedback of results was provided to participants [QSi1], with 66% of those including an opportunity for participants to respond to the communicated results [QSi2] . Those that offered explicit communication of the results were more likely to use the data for management, although we cannot know whether the communication was required because the data were to be used for management (Appendix D in Electronic Supplementary Material). Providing opportunities for participants to respond to the results did not increase the likelihood of using the data for management.
DISCUSSION AND RECOMMENDATIONS FOR EMPLOYING CITIZEN SCIENCE IN ADAPTIVE MANAGEMENT
Our meta-analysis found that citizen science frequently addressed the monitoring and engagement criteria required to resolve some of the shortcomings of adaptive management. These results suggest that citizen science may indeed be an effective strategy for overcoming barriers to adaptive management related to inadequate monitoring and low stakeholder involvement. Of course, these examples do not guarantee the success of citizen science in a particular adaptive management context; we acknowledge the possibility of publication bias in our sample, where unsuccessful cases of citizen science used for adaptive management are less likely to be published. Further, we found examples where the costs of monitoring, the length of the monitoring program, lack of quality assurance and quality control for monitoring data, or lack of stakeholder engagement incentives may provide major obstacles to the success of citizen science initiatives in serving the needs of adaptive management. We therefore discuss these and provide recommendations to curtail the potential problems associated with each.
Costs
In aggregate, the literature reviewed suggests that citizen science can be a cost-effective method of monitoring for adaptive management. However, there were also exceptions (for example, Hamilton and others 2012). A synthesis of cost-effective and cost-ineffective examples reveals ways in which costs can be controlled to ensure that a citizen science project results in net benefits. In general, projects must be designed with full consideration of anticipated costs. Some articles described cost comparisons between using citizen scientists and other forms of monitoring (Levrel and others 2010; Hamilton and others 2012) , which suggests that preemptive cost analysis is both feasible and highly valuable to the design of a project. Additionally, as we note above, training can affect costs, with inperson training and longer duration training costing more. Although it is often difficult to quantify benefits because these tend to be qualitative and long term, to the extent possible expected benefits should be compared to anticipated costs. We again note that some of the benefits of citizen science may be to reduce costs associated with stakeholder engagement but we were not able to evaluate this in our review.
Length of Monitoring Program
Although we found that citizen science monitoring programs can be successful at both short and long temporal scales, those projects collecting longer term data were more likely to use volunteers than community members. This suggests a possible tradeoff between community member engagement and collection of the long-term data necessary for adaptive management. Because long-term monitoring is usually expensive, citizen-based resource monitoring programs are unlikely to persist without continuous outside support or strong engagement of citizen scientists. As an example, Becker and others (2005) describe the fog and bird monitoring efforts made by a community in western Ecuador where, despite the project's general success, its continuation faced challenges due to lack of funding sources. We therefore recommend that programs requiring monitoring duration longer than 1 year include provisions to engage citizen scientists to assist program persistence and that they make attempts to include community members, rather than only volunteers, among the citizen scientists.
Quality Assurance and Quality Control
Data quality issues are not specific to citizen science monitoring programs (Dickinson and others 2010) ; experienced scientists make data errors as well (Foster-Smith and Evans 2003; Crall and others 2011) . Nonetheless, the accuracy and reliability of citizen science data is frequently questioned (Danielsen and others 2005; Fitzpatrick and others 2009; Dickinson and others 2010; Gardiner and others 2012) . Given that most citizen scientists lack professional training, it is not surprising that problems of various degrees exist in many citizen science data collection efforts (Danielsen and others 2005; Dickinson and others 2010) . This review, however, found that data from citizen science monitoring initiatives are largely valuable and that if errors exist they can generally be fixed or accounted for. Training appears to be the key contributor to enhancing citizen scientist performance (Miller and De'ath 1996; Au and others 2000; Silvertown and others 2013; Sunde and Jessen 2013) . For example, expert-quality monitoring data can be produced by secondary school children given consistent and thorough training via extensive pre-monitoring classroom work (Cox and others 2012) . After appropriate training, high school students were able to collect water-monitoring data comparable to that of experts (Au and others 2000) . Other measures that have been shown to enhance citizen science data quality include the use of standardized protocols and provision of adequate resources for equipment (Sharpe and Conrad 2006) , as well as having program veterans accompany novice citizen scientists (Downs 2005) .
Data validation processes are also of paramount importance to ensure monitoring programs produce quality data. Quality control can be achieved through close communication and collaboration among citizen scientists, managers, and experts, as each party serves to keep the others in check (Bois and others 2011) . For example, the Invasive Plant Atlas of New England (IPANE) requires that experts verify questionable identifications as a form of quality control for data collected by trained citizen scientists. In another example, software applications (eBird) were developed to foster rapid data collection and review, including quality assurance checks via electronic communication with participants to validate questionable observations (Dickinson and others 2010; Munson and others 2010).
Stakeholder Engagement Incentives
If citizen science is going to promote stakeholder engagement in adaptive management, particularly long-term engagement, incentives need to be an integral part of the program. One of the interesting findings from this review is summarized in Figure 1 as Sense of place, Tools and technology, Action, Knowledge and Economic benefits (STAKE), a fivepoint framework summarizing the different incentives that can motivate citizen scientists to become engaged stakeholders in natural resource management. This is encouraging and suggests that there is some flexibility in how citizen science can be used to provide motivation within the context of stakeholder engagement in adaptive management. Given the findings that the type of motivation affects whether the data from citizen science is used in Figure 1 . STAKE: A five-point framework of the kinds of incentives that motivate citizen scientists to become engaged stakeholders in natural resource management. management, further study of what motivates stakeholder engagement is likely to be fruitful.
CONCLUSION
Engaged Citizen Scientists Can Address and Correct the Shortcomings of Adaptive Management
Citizen science can be a critical, missing piece in solving the adaptive management puzzle. Motivated citizen scientists have the ability to rectify two key shortcomings in adaptive management: the need for adequate monitoring and stakeholder engagement. Our review of peer-reviewed examples of the use of citizen science found that a welldesigned citizen science program with engaged participants can contribute to effective adaptive management due to its ability to provide costeffective, quality controlled information, gathered specifically for management, and at appropriate spatial and temporal scales. In addition to providing data for management, successful citizen science programs can engage community stakeholders to develop a greater sense of stewardship over natural resources and become personally invested in sustainable resource management (for example, Cornwell and Campbell 2012) . Future work could consider whether the way that citizens are engaged (contributory, collaborative, or co-development; Bonney and others 2009a) affects the likelihood that citizen science is useful in adaptive management or to achieve information sharing, scientific literacy, and increased involvement. High levels of participation and engagement can be encouraged though a wide range of both extrinsic incentives and non-economic motivators. However, engaged citizen science is not a catch-all solution and addresses only part of the adaptive management puzzle. Resource managers are still ultimately responsible for designing monitoring programs with management objectives in mind, establishing quality controls, and effectively utilizing data collected by citizen scientists for natural resource management.
